Cyclometallated aryl-pyridine gold (III) complexes are shown to be efficient catalysts for the 13 multicomponent reaction between N-benzyl imines, alkynes, and acyl chlorides to form 14 trisubstituted oxazoles. The reaction typically proceeds in good yields (up to over 80%) and 15 short reaction times (~15 minutes). The high stability of the investigated cyclometallated 16 catalysts enables a retained efficiency for this reaction in terms of rate and yield using as little 17 as 0.5 mol % catalyst, a reduction by an order of magnitude compared to previously used 18 Au(III)-salen complexes. An attractive feature of the present catalytic system is that active 19 catalysts can be formed from simple pre-catalysts under the reaction conditions. Both 20 cyclometallated and non-cyclometallated complexes were characterized in the solid state by 21 single crystal X-ray diffraction. 22
Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains.
Accepted Manuscript

Dalton Transactions
www.rsc.org/dalton
TOC TEXT 27
Cyclometallated gold(III) complexes efficiently catalyze the multicomponent reaction 28 between imines, alkynes, and acyl chlorides to form trisubstituted oxazoles. 29
30
INTRODUCTION. 31
Gold catalysis has been the subject of a growing interest over the past two decades. For 32 applications in homogenous catalysis, these efforts have been dominated by reports relying on 33
Au(I). 1 Studies on Au(III) catalysis are more sparse and have primarily focused on the 34 application of simple salts such as AuCl 3 , and AuBr 3 .
2 In more recent contributions, also 35 Au(III) complexes with organic ligands such as salen, 3 N-heterocyclic carbenes, 4 phosphines, 5 
36
picolinate, 6 and tethered aryl-pyridines 7, 8 have been investigated. The role of the ligands in 37 such systems however remains underexplored and it is often unclear whether the ligated 38 system is the actual catalyst or if it primarily serves a precursor for more active species 39 formed under the reaction conditions. 9 To this end, the straightforward access to structural 40 variants of aryl-pyridine ligands constitutes an attractive entry to tuning the catalytic 41
properties of cyclometallated Au(III) salts for use in carbon-carbon bond forming reactions 42 such as A 3 couplings between alkynes, aldehydes and amines, 10 and multicomponent 43 processes to form aromatic heterocycles. 
46
In particular, the previously demonstrated efficiency of cyclometallated 2-benzylpyridine(bnpy)AuCl 2 3 in the A 3 coupling 10 d drew our attention as variations on this theme would be 48 of value also in the context of our recently reported gold catalyzed synthesis of tri-substituted 49 oxazoles from imines, alkynes and acyl chlorides. 3 Hence, herein we present an investigationof a series of cyclometallated Au(III) complexes and their non-cyclometallated precursors as 51 catalysts for this transformation. Compared to the previously used N,N'-52 ethylenebis(salicylimine)-(salen) AuPF 6 or AuCl 3 , the more stable cyclometallated complexes 53 (i.e. (bnpy)AuCl 2 3) enabled a reduction of the catalyst loading by a factor of ten with 54 retained high yields and short reaction times for a number of substrate combinations. An 55 additional attractive feature of this system is that a simple pre-catalyst, the non-56 cyclometallated precursor of (bnpy)AuCl 2 3, (bnpyH)AuCl 3 2, readily formed in minutes 57 from commercially available KAuCl 4 and 2-benzylpyridine (1), can be used without 58 significant loss of efficiency, presumably as cyclometallation occurs, at least in part, under the 59 reaction conditions. A series of aryl-pyridine complexes with varying tether lengths and 60 electronic properties of the aryl moiety were also investigated and gave similar results in 61 terms of yield; qualitatively a methylene bridge between the aryl and pyridyl moieties of the 62 ligand was beneficial for catalysis, and electron-withdrawing substituents on the aryl moiety 63 gave a marginally reduced efficiency compared to using 2-phenylpyridine (4a) as ligand. 64
RESULTS AND DISCUSSION 66
Synthesis and characterisation of cyclometallated gold catalysts. A series of Au(III) 67 complexes were selected for investigation as catalysts and synthesized as shown in Scheme 1. 68
The previously known LAuCl 3 complexes (bnpyH)AuCl 3 2 and 2-phenylpyridine-(ppyH) 69
AuCl 3 5a as well as a new complex, 2-(2,4-difluorophenyl)pyridine-(dfppyH) AuCl 3 5b were 70 all prepared from KAuCl 4 and the respective pyridine ligands in mixtures of MeCN and H 2 O 71 (Scheme 1) using a modification of the literature procedure for the synthesis of 2. 13 
72
Complexes 2 and 5a were subsequently cyclometallated in water using microwave heating as 73 reported by Shaw et al. 14 to give the known complexes (bnpy)AuCl 2 3 and (ppy)AuCl 2 6a 74 respectively. Pleasingly, this method could also be extended to cyclometallation of 5b to give 75 the known (dfppy)AuCl 2 6b. Compared to the previously described transmetallation 76 procedure for the synthesis of this complex, 15 the present procedure provided a slightly 77 higher yield conveniently avoiding toxic mercury salts. 78
Mechanistically, we interpret the cyclometallation processes for this class of compounds as 79 initiated by a nucleophilic attack of the aryl moiety on the electron deficient gold center, 80 similar to that seen in electrophilic aromatic substitution reactions, followed by an re-81 aromatization of the ring with an overall loss of HCl. This is supported by a recent 82 contribution from the Wendt and co-workers wherein naphthylpyridine-Au(III) salts were(dfppy)AuCl 2 6b also forces the C-Au-N angle to below 90° with an increase of the 110 corresponding Cl-Au-Cl angle as a result, whereas in (bnpy)AuCl 2 3 the bond angles around 111 gold are closer to the ideal. 
117
Catalytic performance of various cyclometallated Au complexes and their pre-catalysts 118 in oxazole synthesis. We recently reported that a cationic Au(III)-salen complex catalyzes 119 the addition of terminal alkynes to in situ generated acyl iminium ions in an event that triggers 120 a cycloisomerization domino reaction that ultimately results in oxazoles as products. 19 The 121 merger of the otherwise incompatible A 3 coupling and cycloisomerization manifolds into a 122 3 2 6b 5b 3 single domino process is enabled by the loss of a sacrificial benzyl group on the imine 123 nitrogen. 20 Synthetically, the method is attractive, as it generates building blocks for ligands 124 and bioactive structures in a single step from simple, often commercially available, 125 components. 21 The cyclometallated Au-complexes 3, 6a/b as well as their non-126 cyclometallated homologs 2, 5a/b were investigated as catalysts for this transformation ( Table  127 3). The latter class of pre-catalysts are particularly interesting in this context as in situ 128 cyclometallation under the reaction conditions would release a small amount of HCl, which 129 should facilitate oxazole formation by promoting both the debenzylation and 130 cycloisomerization steps in the reaction mechanism. The catalytic performance was 131 benchmarked using the reaction between N-Bn imine 8a, benzoyl chloride (9a), and phenyl 132 acetylene (10a) to form oxazole 11a. For comparative purposes, commercially available 133 pyridine (py)AuCl 3 7 22 was also included as catalyst in the study. 134
The cyclometallated aryl-pyridine complexes 3 and 6a/b gave comparable yields although a 135 slight advantage was found for the (bnpy)AuCl 2 3. This is in line with the earlier observation, 136 that six-membered Au-metallacycles are more efficient than five-membered in the A 3 -137 coupling. 10 d It is noteworthy that each of the non-cyclometallated catalysts 2 and 5a/b gave 138 similar results to that of the corresponding cyclometallated structures, which suggested that 139 the active species in catalysis were the same in each pair of catalysts. 140
When employing (bnpyH)AuCl 3 2 as a pre-catalyst, we were not able to detect the 141 corresponding cyclometallated structure (bnpy)AuCl 2 3 in the crude reaction mixture by ESI-142
MS or
1 H NMR. However, this is not surprising, as (bnpy)AuCl 2 3 could be shown to 143 decompose during the course of the reaction (15 min, 240 o C) (vide infra). We also observed 144 that although we were unable to detect 3 in the reaction mixture, addition of additional 145 starting material after a complete catalysis reaction, followed by re-heating of the resulting 146 mixture to 240 o C for 15 minutes gave an additional 65% yield of oxazole 11a (based on the 147 second addition), demonstrating that the mixture was still catalytically active. An 148 interpretation of this result is that either small amounts of highly active 3 remains in the 149 mixture and/or that decomposition occurs at high temperatures to produce new active species 150 such as gold nanoparticles that can contribute to catalysis. The latter notion is supported by 151 the observed deposition of metallic gold in catalysis experiments using high catalyst loadings 152 of 3 (>10 mol %). 153
In catalysis experiments using the non-cyclometalated complex 2 in acetonitrile-d 3 , the 1 
166
We note however that a marked difference in efficiency remains between the pre-catalysts 167 that can cyclometallate ((ppy)AuCl 3 5a, (dfppy)AuCl 3 5b, and (bnppy)AuCl 3 2) and 168 (py)AuCl 3 7, which gives oxazole 11a in 52% yield in the benchmark reaction. 169
Cyclometallation under the reaction conditions thus appears viable, but the precise nature of 170 the actual active catalytic species under the reaction conditions used remains ambiguous. 171
As the (bnpy)AuCl 2 3 gave the best results in catalysis, oxazole formation was optimized for 172 this complex (Table 4 ). An increase in the temperature to 240 o C was found to be beneficial 173 giving a yield of 78% of oxazole 11a. It is noteworthy that at this temperature, as little as 0.25 174 mol % catalyst could be used and still allow for formation of 11a in 72% yield. The reaction 175 
181
Measured by 1 H NMR spectroscopy using mesitylene as an internal standard.
182
Catalytic performance of (dfppy)AuCl 2 6b and (dfppyH)AuCl 3 5b in the A 3 coupling. 183
Since the new fluorinated catalysts (dfppy)AuCl 2 6b and (dfppyH)AuCl 3 5b gave oxazole 184 product in the three-component reaction, these complexes were also evaluated in the parent 185 A 3 coupling under solvent-free conditions (Table 5 ). Both the cyclometallated complex and 186 its non-cyclometallated counterpart gave clean formation of propargyl amine 14 using 1 mol 187 % catalyst at 40 o C. The yield using the non-cyclometallated catalyst 5b was essentially 188 quantitative which is in line with what is found for (py)AuCl 3 or AuCl 3 under the same 189
conditions. An immediate color change was seen upon addition of the amine component in 190 these experiments suggesting a ligand exchange, and that (dfppyH)AuCl 3 5b acts primarily as 
206
Under these conditions, a series of acyl chlorides including heterocyclic-, aliphatic-and aryl 207 substituted examples all competently participated in oxazole formation with moderate to good 208 yields as a result (Table 6) . A catalyst loading of 0.5 mol % was sufficient to attain full 209 extended also to reactions with varying alkyne and imine components (Table 7) . Similarly to 212 what was previously seen with the Au-salen system, quaternary substitution at the α-position 213 of the imine was however necessary for efficient reactions. Aromatic imines give at most 214 traces of isolatable oxazole products with the majority of the mass after the reaction 215 comprising unspecific decomposition. A difference compared to the Au-salen system is that 216 lower yields are consistently obtained with linear aliphatic alkynes ( Table 2 , entry 8 and 10). 217
The reason for this difference remains unclear. 218 Table 7 . Substrate scope for oxazole formation varying the imine and alkyne components 
222
The yields of oxazole 11m and 11p was measured by 1 H NMR spectroscopy using mesitylene as an internal
CONCLUSIONS 226
In conclusion, a series of cyclometallated aryl-pyridine Au(III) complexes have been shown 227 to efficiently catalyze oxazole formation in the three-component reaction between N-Bn 228 imines, alkynes, and acyl chlorides. In particular, (bnpy)AuCl 2 3 enables the use of down to 229 0.25 mol % of catalyst with good yields of the oxazole products in 15 minutes. The conditions 230 are amenable to the synthesis of oxazoles varying in substitution at all positions (15 examples 231 demonstrated) using down to one-tenth of the catalyst loading needed for the previously 232 employed Au-salen complex. Importantly, as the reaction occurs under elevated temperatures, 233 readily available non-cyclometallated pre-catalysts can also be exploited in this reaction 234 without a significant loss of efficiency. Further studies on applications of this methodology 235 are under way and will be reported in due course. 236
237
METHODS 238
General Experimental Methods. All reactions were carried out in oven-dried glassware 239 under an atmosphere of nitrogen gas unless otherwise stated. Microwave reactions were 240 performed using a Biotage Initiator. Imines 8a-d were synthesized according to literature 241 procedures. 3 a Catalysts (bnpy)AuCl 2 3 and (ppy)AuCl 2 6a were synthesized following 242 literature procedures. 14 Acetonitrile was distilled from CaH 2 . All other solvents and reagents 243 were bought from commercial suppliers and used as received. Yields are reported for isolated 244 products after chromatographic purification unless otherwise stated. Spectroscopic data for 245 known compounds ((bnpyH)AuCl 3 2, 23 (ppyH)AuCl 3 5a, 13 (dfppy)AuCl 2 6b, 15 oxazoles 11b-246 h, 11k-l and 11n-o 3 a , and propargyl amine 8a 24 ) were in agreement with literature data. 1 
H, 247
19 F, and 13 C NMR spectra were recorded on a Bruker Avance 400 NMR spectrometer, with 248 the residual solvent peak used as an internal reference. IR spectra were recorded on a 249
Bruker Alpha spectrometer. Elemental analyses were performed by H. Kolbe 250
Microanalytisches Laboratorium, Mülheim an der Ruhr, Germany. 251
General procedure for synthesis of LAuCl 3 complexes: The respective pyridine ligand (1.1 252 equiv.), dissolved in MeCN (10 mL), was added in one portion to KAuCl 4 in H 2 O (10 mL). 253
The reaction mixture was then stirred at room temperature for 2 h after which the formed 254 yellow precipitate was collected by filtration. The precipitate was washed with water and was heated using microwave radiation with the ceiling temperature set to 180 ºC and the 278 sample absorption set to "high" for 7 hours. After cooling, the mother liquor was decanted 279 and the remaining solid residue was washed with water (3 x 1.5 mL) and dried under a stream 280 of air to give (dfppy)AuCl 2 6b as a white powder (0.042 g, 59%) pure by 1 The product to mesitylene ratio was determined through integration of the propargyl (product) 288 and aryl (mesitylene) signals in the 1 H NMR spectra. 289
General procedure for optimization of Au-catalyzed oxazole formation. To a microwave 290 vial, charged with the respective gold catalyst and flushed with nitrogen, was added the 291 solvent indicated (0.5 mL) followed by addition of N-Bn-imine 8a (0.21 mL, 1.0 mmol), 292 phenylacetylene (10a) (0.23 mL, 2.0 mmol), and benzoyl chloride (9a) (0.12 mL, 1.0 mmol) 293 in short sequence. The resulting mixture was immediately heated by microwave irradiation to 294 the temperature indicated (sample absorption set to "high"). After the time indicated, the 295 reaction was cooled to room temperature and mesitylene (0.5 equiv.) was added as an internal 296 standard. A sample of the reaction mixture was diluted with CDCl 3 and the 1 H NMR yield 297 was quantified by measuring the product-to-mesitylene ratio through integration of the tert-298 butyl signal of the oxazole 11a ( 1 H NMR δ = 1.37 ppm) and methyl signal in mesitylene ( 1 H 299 NMR δ = 2.28 ppm) in the 1 H NMR spectra. 300
General procedure for (bnpy)AuCl 2 3 catalyzed oxazole synthesis. To a microwave vial, 301 charged with (bnpy)AuCl 2 3 (2.2 mg, 0.005 mmol) and flushed with nitrogen gas, was added 302
anhydrous MeCN (0.5 mL). Imine (1.0 mmol), alkyne (2.0 mmol) and acyl chloride (1.0 303 mmol) were then added in short sequence. The resulting mixture was immediately heated for 304 15 min by microwave irradiation using a ceiling temperature of 240 °C and a sample 305 absorption set to "high". The reaction mixture was then cooled to room temperature. The 306 mixture was diluted with CH 2 Cl 2 and a small amount of silica gel was added. The resulting 307 slurry was concentrated under reduced pressure to yield a dry powder. Purification by flash 308 chromatography (elution with EtOAc/petroleum ether) gave the corresponding oxazole 309
products. 310
Crystallography. Intensity data were collected with an Oxford Diffraction Excalibur 3 311 system, using ω-scans and Mo Kα (λ = 0.71073 Å) radiation. 25 The data were extracted and 312 integrated using Crysalis RED. 26 . The structures were solved by direct methods and refined 313 by full-matrix least-squares calculations on F 2 using SHELXTL. 27 Molecular graphics were 314 generated using CrystalMaker 9.0.3. CCDC deposition numbers 1022615-1022618. 315
